Introduction
Computational modeling of the thorax is of particular interest in efforts to predict and reduce injuries in automobile collisions. Thoracic injuries-including rib fractures-account for a substantial portion of moderate-to-severe injuries in automobile collisions ͓1͔. To design effective countermeasures such as seatbelts, airbags, and other restraints, researchers need tools to model the mechanical behavior of the thorax in collision simulations. To predict the stresses and strains ͑and corresponding risks of injury͒ that occur under collision loading, these models must be able to reproduce the mechanical behaviors of each of the structures of the thorax and the manners in which they interact.
While many studies have investigated the mechanical characteristics and modeling of the osseous thorax ͑the ribs, sternum, and spine͒, few studies have investigated the mechanical behavior of the costal-cartilage structures that connect those osseous components. The costal-cartilage connects the anterior borders of ribs 1-5 to the sternum and connects ribs 5-10 to each other. Each cartilage segment is composed of an irregular cylinder of hyaline cartilage, surrounded by a fibrous layer of connective tissue-the perichondrium. The perichondrium is composed of collagen fiber bundles exhibiting a highly ordered fiber orientation, giving the perichondrium an appearance similar to a tendon ͑Fig. 1͒. These fiber bundles are oriented approximately along the long axis of the cartilage segments. The perichondrium is contiguous with the periosteum of the ribs ͑but is considerably thicker than the periosteum͒ and is contiguous with the capsular ligaments of the costosternal joints.
Because it connects the various components of the ribcage, the mechanical characteristics of the structure of the costal-cartilage and its surrounding perichondrium have the potential to dramatically affect the mechanical characteristics of the ribcage as a whole. Using a finite element model of the human body, Murakami et al. ͓2͔ showed that adding a 1 GPa modulus outer shell to the costal-cartilage can increase the overall stiffness of the chest under diagonal belt loading by 50%. Similarly, in a finite element study of a single rib-ring unit, Oyen et al. ͓3͔ found that increasing the stiffness of the costal-cartilage from 10 MPa to 1 GPa doubled the overall stiffness of the rib ring and increased the peak Von Mises stresses in the ribs by 63% when a posteriorly directed, 37.5 mm displacement was applied to the sternum.
Of the limited studies that have investigated the mechanical behavior of the costal-cartilage, all have focused on determining the material properties of the cartilage midsubstance. Feng et al. ͓4͔ studied the effects of the condition pectus excavatum on the mechanical characteristics of pediatric costal-cartilage in uniaxial tension, unconfined compression, and three-point bending. Abrahams and Duggan ͓5͔, Roy et al. ͓6͔, and Guo et al. ͓7͔ each studied the properties of costal-cartilage coupons for application to techniques in facial reconstructive surgery. Mattice et al. ͓8͔ and Lau et al. ͓9͔ studied the stress-relaxation shear response of costal-cartilage using spherical indentation. Consistent with this limited amount of information, current thoracic computational models represent the costal-cartilage as a homogeneous material, with the material models developed either from parameter identification or material characterization tests of the cartilage midsubstance ͓10-14͔. None of these includes a representation of the perichondrium; however, because of its fibrous nature and its location on the outer surface of the costal-cartilage, the perichondrium holds the potential to affect the overall structural behavior of the cartilage segments ͑especially under tensile and bending loading͒. It is this structural behavior ͑as opposed to the material behavior of the cartilage midsubstance͒ that couples the ribs to the sternum, affecting the overall mechanical behavior of the ribcage.
This study sought to investigate the role of the perichondrium in the structural behavior of segments of the costal-cartilage under one type of loading condition that may result from external loading of the chest-cantilevered bending. As described below, the loading characteristics were chosen to approximate what would occur in a single costal-cartilage segment as a result of a concentrated, posteriorly directed load applied to the sternum ͑for example, from loading by a diagonal shoulder belt during a collision͒. To study this structural behavior, the specific hypothesis of this study was that the removal of the perichondrium would decrease the peak, costal ͑rib-end͒ reaction force at a defined amount of posterior sternum displacement for paired tests performed on costal-cartilage segments.
Methods
Twenty-two whole costal-cartilage segments from human cadavers were tested. This sample size was chosen based on a preliminary power analysis. The test specimens consisted of a portion of the sternum, the entire length of the cartilage, and perichondrium, and approximately 3 cm of attached rib. The segments were taken from either the third or fourth rib ͑Table 1͒ of human cadavers that had been screened for HIV and hepatitis A, B, and C. All cadaver handling and test procedures were approved by the University of Virginia institutional review board.
Boundary Conditions.
The tests consisted of fixing all of the degrees of freedom of the sternal and costal boundaries of the segments, and then applying a posteriorly directed displacement to the sternum. This loading condition was chosen to simulate the loading of the cartilage that occurs in a frontal-impact automobile collision with a belted occupant. With a midsized male occupant restrained by a three-point belt in a frontal collision, deformation of the midchest ͑e.g., at the superior-inferior location of the fourth rib͒ is concentrated approximately at the midsternum ͓15͔. Although there is some variation ͑due to occupant anthropometry͒, the pattern of chest deformation at that rib level may be idealized as symmetrical about the occupant's midsagittal plane. Under this idealized deformation, the sternum is displaced posteriorly with no change in lateral position or orientation in the transverse plane. If the sternum is assumed to be much stiffer than the cartilage, this symmetrical deformation pattern would displace the sternal boundary of the costal-cartilage of the fourth rib posteriorly, restricting its lateral motion and orientation. In effect, this can be approximated as posterior displacement of the sternal boundary of the cartilage segment, constrained to allow no lateral motion or change in angle at the boundary.
Even with the assumption of symmetric chest deformation, the in situ boundary condition at the costal ͑rib͒ end of the cartilage is less clear. Both the position and orientation of this boundary are constrained by the attached rib, which is stiff relative to the cartilage. The length and curvature of the rib, along with compliance in the costo-vertebral joint, may, however, allow some lateral displacement or rotation in the anterior end of the rib under load. As a result, the boundary condition at the costal end of the cartilage is somewhere between a fixed lateral position and angle ͑for a rib boundary that exhibits posterior displacement with no rotation͒ and a free lateral position and angle ͑for a rib boundary that has no resistance to change in lateral position or angle͒.
Two recent studies suggest that the actual boundary condition is closer to the former. Ali et al. ͓16͔ studied the deformation of the ribcage under quasistatic anterior loading of the whole chest using computed tomography ͑CT͒ imaging of cadavers. That study found that for a 50 kg, 168 cm tall adult male, displacing the sternum posteriorly by 53 mm with a "beltlike" loader resulted in 32 mm and 40 mm of posterior displacement of the right and left fourth rib costo-chondral ͑CC͒ junctions, respectively. This corresponds to posterior displacements of the sternum relative to the CC junctions of 21 mm and 13 mm, respectively. In contrast, the right and left fourth rib CC junctions displaced in the lateral direction only 1 mm and 3 mm, respectively.
Similarly, Shaw et al. ͓17͔ found that applying a concentrated load to the sternum at the superior-inferior location of the fourth rib results in predominantly posterior displacement of the third and fifth rib costo-chondral junctions ͑displacement of the fourth rib costo-chondral junction was not measured͒. For five subjects, an average of 21.6 mm displacement of the midsternum resulted in average posterior displacements of the right third rib and fifth rib CC junctions of 8.2 and 11.5 mm ͑respectively͒. In comparison, these sites only exhibited 0.9 mm and 1.3 mm lateral displacement. Although it was not possible to quantify the change in angle of the junction in these tests, qualitative assessment of the deformation pattern by the author suggested that any such rotation was negligible compared with the posterior motion of the junctions. Thus, to simplify and define the test conditions, the current study applied fully fixed ͑all degrees of freedom constrained͒ boundary conditions to the costal end of the tested cartilage segments.
Loading Displacement and Rate.
As discussed below, multiple tests were performed on each specimen, requiring that the tests be noninjurious. Thus, the magnitude of applied sternal Fig. 1 Images of the costal-cartilage with the perichondrium intact "top left…, the costal-cartilage with the perichondrium removed "top right…, and a view of the thickness of the perichondrium "bottom… 
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Transactions of the ASME displacement was selected to avoid failure of the specimens. The target sternal displacement for the tests was initially 15 mm for all specimens. Following some observations of unwanted failure in some initial tests, however, this target displacement was adjusted to be approximately 1/3 of the length of the cartilage for shorter specimens ͑i.e., the target displacement was either 15 mm or 1/3 of the length of the specimens, whichever was less͒. Although cartilage ͑and possibly the perichondrium͒ exhibits viscoelastic behavior, a full investigation of these characteristics was beyond the scope of this study. Instead, this study investigated the mechanical characteristics of the costal-cartilage under a single loading rate. A cadaver subjected to a 48 km/h frontal collision, restrained by a three-point belt and an airbag, will experience a displacement of the anterior surface of the chest ͑at the midsternum͒ posteriorly toward the spine at a rate of approximately 970 mm/s ͓15͔. Shaw et al. ͓17͔ suggested that sternal displacement and displacement of the third and fifth CC junctions are linearly related under concentrated dynamic loading applied to the midsternum. The ratio of sternal displacement to CC junction displacement is approximately 0.35 ͑mm/mm͒ for the third rib CC junction and approximately 0.48 for the fifth rib CC junction, at least up to 22 mm of sternal displacement ͓17͔. From this observation, the current study assumed that the relationship between sternal displacement and displacement of the fourth rib CC junction is also linear, and that the displacement ratio is approximately the average of those of the third and fifth ribs ͑i.e., a ratio of 0.42͒. In the limiting case in which there is no compression of the soft tissue superficial to the sternum, posterior sternum displacement ͑relative to the spine͒ would be equal to the posterior displacement of the anterior surface of the chest. In that case, the chest displacement described above would result in a posterior sternal displacement occurring at a rate of 970 mm/s. If it is assumed that the sternal displacement and the displacement of the fourth rib CC junction occur in phase and follow the linear relationship described above, then it may be estimated that the relative displacement between the sternum and the fourth rib CC junction occurs at a rate of approximately 400 mm/s during that type of collision. Based on this estimation, the displacement applied in the tests of the current study consisted of a ramp loading of 400 mm/s up to the target displacement described above.
Test Setup.
The sternum and rib ends of the segments were potted in blocks of Fast Cast ® ͑Goldenwest Manufacturing, Inc., Cedar Ridge, CA͒ casting resin. For testing, these potting blocks were mounted in a test rig powered by an Instron ͑model 8874͒ material test machine. The test rig was designed to displace the sternum end of the segment in the posterior direction, holding all other degrees of freedom for both potting blocks fixed ͑Fig. 2͒. Force in the anterior-posterior ͑x͒ direction was measured by a load cell attached to the rib-end of the specimens ͑Fx, Fig. 3͒ .
Each specimen was tested first with the perichondrium intact and then with the perichondrium removed. When the perichondrium was removed, care was taken to not disrupt the capsular ligaments of the sterno-costal joints. To test for any effects of performing multiple tests on these specimens, repeated perichondrium-intact tests were performed on eight randomly selected specimens ͑in addition to the perichondrium-removed tests, Table 1 , the number of repeat tests was chosen based on a preliminary power analysis͒. Each of the specimens was stored frozen prior to testing. They were each thawed and soaked in body temperature ͑37°C͒ saline solution for 2 h prior to the first test and allowed to recover in body temperature saline for 30 min between tests. The tests were performed in open air at room temperature.
Data Analysis.
As stated above, the specific hypothesis of this study was that removing the perichondrium affects the x-axis force generated at the costal end of the specimens at the time of the maximum applied posterior sternum displacement. Because paired tests were performed ͑perichondrium-intact and perichondrium-removed tests were performed for each specimen͒, this hypothesis was investigated using a paired Student's t-test analysis. First, the peak x-axis forces from each of the perichondrium-removed tests were normalized by dividing them by the peak x-axis forces recorded in their respective matching perichondrium-intact tests. A two-tailed, one-sample Student's t-test was then performed to determine if the mean normalized peak value was significantly different than the reference value of 1. A similar paired t-test analysis was performed to determine if the repeated, perichondrium-intact tests resulted in significantly different peak forces than their paired initial tests. A two-sample ͑two-tailed͒ Student's t-test was also performed to determine if the mean normalized peak force values of perichondrium-removed tests were significantly different than the repeated, perichondriumintact tests. Finally, a three-way analysis of variance ͑ANOVA͒ was performed to investigate the effects of age ͑binned by decade͒, gender, and the performance of the repeated perichondrium-intact tests on the normalized peak forces observed in the perichondrium-removed tests. In all of the statistical tests above, differences are termed to be statistically significant if the observed p values are less than or equal to 0.05. Figure 4 shows the average and 95% confidence intervals of the peak normalized Fx values for the repeated tests and the perichondrium-removed tests. These data indicate that the repeated tests did not result in an average peak normalized Fx significantly different from one ͑average of 0.94, 95% C.I. of 1.05-0.83, p = 0.102͒. In contrast, the perichondrium-removed tests did result in an average peak normalized Fx significantly less than 1 ͑average of 0.53, 95% C.I. of 0.42-0.65, p Ͻ 0.001͒. Using the two-sample Student's t-test analysis, the perichondrium-removed tests also resulted in an average peak normalized Fx significantly less than the repeated, perichondrium-intact tests ͑p Ͻ 0.001͒. The ANOVA analysis did not show any significant ͑p Յ 0.05͒ effect of age, gender, or the addition of a repeated perichondrium-on-test on the normalized peak forces measured in the perichondriumremoved tests.
Results
In addition to the force responses described above, the removal of the perichondrium also appeared to affect the failure of the cartilage substance of the specimens. In almost all of the perichondrium-removed tests, the cartilage substance failed in regions that experienced tension ͑Fig. 5͒. Such failure was not observed in the tests with the perichondrium intact.
Discussion
The costal-cartilage plays a key role in the mechanical behavior of the ribcage ͓2͔. The structural behavior of the costal-cartilage dictates the mechanical coupling of the ribcage components, thus affecting the distribution of strain and load sharing within the thorax when an external load is applied to the chest. As a result, it is critical to accurately represent the structural characteristics of the costal-cartilage in computational models of the human body that seek to reproduce the mechanical behavior of the chest and predict traumatic injuries in the ribcage and underlying organs. The limited literature available on the mechanical characteristics of the costal-cartilage has only investigated the material behavior of the cartilage midsubstance. This is the first study ͑to the authors' knowledge͒ to investigate the contribution of the perichondrium to the structural behavior of the costal-cartilage.
Under the type of loading investigated here, it appears that the perichodrium contributes an average of approximately 50% of the stiffness of the cartilage/perichondrium structure. In addition, when the specimens were tested with the perichondrium, removed failure was observed in the cartilage substance in the regions that presumably experienced the largest magnitude of tension ͑i.e., the surfaces of the outer curvatures near either the sternal or costal ends of the specimens, Fig. 5͒ . Thus, it appears that the cartilage substance is weak in tension compared with the perichondrium. When the perichondrium is intact, the perichondrium and the cartilage act in concert as to form a composite load bearing structure.
The perichondrium appears to be well suited ͑by its tendonlike appearance͒ to bear the tensile loads generated on the outer surface of the structure. The cartilage, in turn, provides shape to the structure and likely is responsible for bearing compressive stresses. By combining the functions of these two distinctly different tissues, the cartilage/perichondrium structure behaves like a reinforced beam capable of resisting the loads and tensile loads generated by the movement of the ribcage during respiration and by external loading of the chest.
Several studies have developed computational models of the human body ͑primarily for injury prediction in automobile collisions͒, relying solely on the material characteristics of the cartilage midsubstance to model the costal-cartilage ͓10-14͔. The results presented here suggest that representing the cartilage midsubstance alone cannot sufficiently describe the mechanical behavior of the cartilage/perichondrium structure. Representing the cartilage midsubstance alone may underpredict the stiffness of the costal-cartilage structure by as much as 50% under external loading that produces posterior displacement of the sternum in the same manner as studied here. Such an underprediction would affect the coupling of the ribcage components, stress and strain distribution throughout the ribcage, and the prediction of injuries such as rib fractures ͓2͔. Thus, to accurately reproduce the mechanical characteristics of the costal-cartilage structure, computational models of the thorax and ribcage should include representations of both the cartilage substance and the perichondrium. If it is necessary to use a homogeneous representation of the costalcartilage structure ͑as is the current practice͒, then the material representation of the cartilage should be adjusted to account for the stiffening effect of the perichondrium. 
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Conclusions
Fifty-two tests were performed to investigate the contribution of the perichondrium to the mechanical stiffness of the costalcartilage under loading approximating what would occur from posteriorly directed displacement of the sternum. The tests performed with the perichondrium removed resulted in peak anteriorposterior forces an average of approximately 47% less ͑95% C.I. of 35-0.58%͒ than matched tests performed with the perichondrium intact. Test performed with the perichondrium removed also resulted in failure in the cartilage substance in regions experiencing tension. It is suggested that, to accurately model the structural characteristics of the costal-cartilage, finite element models of the chest should include some representation or accounting for the perichondrium.
